ABSTRACT. Anaerobic digestion has a number of benefits as
increased environmental awareness on reducing greenhouse gas emissions have improved the outlook for the installation of farm-scale systems (Lusk, 1997; U.S. EPA, 1999a) .
Combusting digester methane to produce energy reduces emissions of a potent greenhouse gas to the atmosphere, and also reduces dependence on nonrenewable fossil fuels. The first objective of this study was to determine the feasibility of widespread implementation of anaerobic digestion using an inventory of current animal waste systems in Iowa. The second objective was to determine the specific structural, economic, and policy barriers that constrain implementation of widespread anaerobic digestion with energy production. A final objective was to offer some ideas to overcome the barriers hindering the installation of farm-based anaerobic digestion systems. Using the distribution of livestock numbers and manure management systems on Iowa farms, the results provide insights for both current feasibility and the potential implications of several policy alternatives.
METHODOLOGY
This study applied a U.S. EPA cost and performance model of farm-scale anaerobic digestion and methane recovery to agricultural census and survey data about livestock production facilities in Iowa. Model outputs helped determine the economic feasibility of methane recovery from Iowa livestock operation case studies. The following steps were performed:
1. Collect survey/census data of facility size, livestock numbers, and manure management system characteristics. 2. Classify facilities by animal type (i.e., swine, dairy, etc.), herd size, and housing/confinement manure management categories. 3. Connect the housing/confinement type to the most appropriate methane generation scheme (i.e., covered la− T goons, complete-mix digesters, plug-flow digesters, etc.). 4. Use methane recovery models, developed by the Ag-STAR program of the U.S. EPA (1997) , to determine the economic feasibility of each facility category. 5. Analyze the effects of the price of heating oil and electricity on digester feasibility, and the resultant impacts on the increased utilization of methane to displace these energy sources. 6. Assess the impact of off-farm sales of electricity and reduced process water requirements on economic feasibility. The literature search located, evaluated, and integrated various data sources related to livestock inventories and profiles of manure management systems. Data sources included USDA agricultural statistics (USDA, 1999), Iowa Department of Natural Resources (IDNR) permit information, U.S. Environmental Protection Agency (U.S. EPA, 1997 , 1999b ), ICP Consulting (1999 , and the Animal and Plant Health Inspection Service (APHIS) reports (APHIS, 1995a (APHIS, -b, 1996a (APHIS, -c, 1998 (APHIS, , 2000a . Since these different sources of information overlap, there are differences in percentages between similar types of waste management systems. These differences are at least partially due to how the system was defined by the source and whether the percentage is based on an operational or animal basis. In assembling the project database, these differences were carefully evaluated to ensure a high degree of reliability and consistency.
According to 1997 agricultural statistics (USDA, 1999), Iowa's livestock inventory mainly consisted of 3,306,618 feedlot cattle, 222,142 dairy cows, 14,651,919 pigs, 24,876,834 layers, 1,017,224 broilers, and 2,552 ,624 turkeys. These livestock inventory numbers were used to estimate the total solids, volatile solids, collectable volatile solids, and potential energy that would be recovered if all the collectable manure production was treated with anaerobic digesters (table 1). Calculations followed procedures developed in the Western Regional BIOMASS Energy Program (WRBEP) report (NEOS Corporation, 1994) .
Economic models developed by the U.S. EPA AgSTAR Farmware program (U.S. EPA, 1997) were used to identify facilities where anaerobic digestion and methane recovery technology might be cost effective. Models were run for swine farrow to finish, finishing, dairy tie stall, and dairy free stall operation, with key outputs including methane production, possible electricity generation, system costs, net present value (NPV), and payback periods for methane recovery facilities under 24 energy and economic scenarios.
The 24 scenarios developed for simulation using the AgSTAR model represent variations in electricity rates and economic incentives (table 2) . Economic scenarios 1 to 3 had electricity rates of $0.06, $0.08, and $0.12 per kWh, respectively, with no cost savings considered from heat recovery, a loan rate of 10%, and a producer down payment of 20% of the system cost. These electricity rates represent the price the farm would otherwise pay the utility for electricity, and thus is an avoided cost when on-farm electricity generation is substituted for those purchases. Farm and commercial electricity rates vary widely in rural Iowa, but average annual prices are typically about $0.06 per kWh and range up to approximately $0.08 per kWh. Scenario 4 considered electricity rates of $0.06 per kWh, with 90% of the $1.00 per gallon liquid propane on-farm heating needs displaced by heat recovery from the engine-generator. Scenarios 5 and 6 also considered $0.06 per kWh electricity but included different financial assumptions. Both scenarios 5 and 6 considered no-interest loans and a low producer down payment requirement of 5%. Scenario 5 had no heat recovery, and scenario 6 had the same heat recovery as scenario 4. In scenarios 7 to 12, we considered the effects of potential off-farm sales of excess electricity at a price of $0.025 per kWh, with the purchased electricity costs and financial conditions the same as in scenarios 1 through 6. Scenarios 13 to 24 considered the impact of improved water use efficiency, resulting in a reduction of process water by 30%. Together, these scenarios illustrate several of the more important economic, policy and management alternatives that could affect the future feasibility of anaerobic digestion of manures. Table 2 contains a more detailed description of the energy and economic scenarios, while table 3 details the other common model inputs.
Another goal of this project was to identify roles, strategies, and follow-up steps for various stakeholder groups in encouraging implementation of anaerobic digestion and methane recovery technologies. A market assessment focus 7 to 12 Same as scenarios 1 to 6, except an off-farm sale of excess electricity at a rate of $0.025/kWh.
to 18
Same as scenarios 1 to 6, except a 30% reduction in process water is considered.
to 24
Includes the combination of off-farm sales of excess electricity and reduction of process water. A questionnaire sent out to the swine and dairy operators asked the producers for details about their operations including animal numbers, waste production, waste storage, manure analysis information, energy usage (heat and electricity), manure applied acreage, manure value, and issues relating to anaerobic digestion, and included space for additional comments. Information from this survey was used to supplement information collected from the market assessment focus group. Additional details on methodology and more extensive results are provided in Garrison and Richard (2001) . Table 1 summarizes the quantities of manure that could be used in anaerobic digestion schemes for methane energy capture. Based on manure quantities, it appears that feedlot cattle, swine, dairy cattle, and poultry layers have the potential to contribute significant amounts of energy with anaerobic digestion and methane capture.
RESULTS

ANIMAL WASTE CHARACTERIZATION
WASTE SYSTEM PROFILES
Characterization of beef industry manure handling and treatment systems was derived from the EPA (1999b) and two APHIS (1998 and 2000a) reports on beef cow-calf and feedlot operations. The APHIS cow-calf report involved 23 states, including Iowa, which had 85.0% of all U.S. beef cows and 66.3% of the operations. The feedlot study involved 12 western U.S. states, including Iowa, which contained 82.1% of all cattle on feed in operations of 1,000 head or more. Table 4 shows the manure management systems as derived from the EPA report, including beef operations in Iowa. All of the beef operations were operated on either a dry-lot or pasture basis, as the table indicates. Since the beef manure is handled in solid form, it is generally considered impractical for use in a conventional anaerobic digestion scheme. While it would be possible to produce methane from low-moisture beef manure with the use of a landfill-type cell setup, with current technology the yields of methane are low and highly temperature dependent.
More detailed dairy manure management practices for Iowa and 19 other states were profiled in a three-part APHIS study (1996a-c). These states comprise 83.1% of the U.S. milk cow inventory, and Iowa, when considered alone, contributed 2.6% of the U.S. milk cow inventory. Based on table 4, from the EPA report, most of the Iowa dairy systems use either a solid storage or a liquid/slurry system. Table 5 summarizes the APHIS information on dairy manure collection, storage, and management systems. Most of the operations with less than 200 head used either gutter or alley scrapers, while the larger operations tended to use waterflushed alleys. Manure from scraped systems has higher solids content as compared to a water-flushed system. Scraped manure, with higher solids content, would be compatible with plug-flow digesters, while the water-flushed systems would either need to incorporate solid/liquid separation for a plug-flow digester or use a complete-mix digester for unseparated manure. Solid manure handling systems seem to be fairly common regardless of the size of the operation, although slurry and anaerobic lagoon systems became more prominent with larger herds. From the APHIS reports, most lagoon systems (84.0% of operations with lagoons) have only one lagoon for holding or treating waste, while 29.5% of operations have a solid/liquid separation system. The current and evolving manure management practices in the dairy industry make many dairies promising candidates for the use of anaerobic digesters, either with plug-flow, complete-mix, or other appropriate digester technology. 
Source: ICP Consulting (1999); prepared for the EPA. [b] All percentages expressed here are based on operation totals. [c] The total swine operations only add up to 96%; this is an error in the source material. Manure management practices for the swine industry are characterized in the EPA report (table 4) and two APHIS reports (1995a-b). The EPA report (table 4) indicates that most of the swine manure management is with dry-lot or pit storage systems. The more specific system breakdown from the APHIS reports is indicated in table 6 and shows that most of the hogs, whether by percent of operations or number of pigs, are held either in total confinement or in an open building with outside access. With confinement housing systems, a liquid or slurry manure handling system is used to move the manure unless the pigs are confined in a bedded system like a hoop structure, which uses a solid manure handling system (Honeyman et al., 2001) . Hoop structures and other deep-bedded systems tend to be more common in smaller operations, while the larger total confinement systems tend to use liquid or slurry manure handling systems. Table 7 notes the types of waste storage and treatment systems and solid/liquid separation for swine grower/finisher operations. As noted in the table, only 4.3% of the grower/finisher operations had any type of solid/liquid separation. Most grower/finisher operations use either deeppit, aboveground, or belowground storage, or anaerobic lagoon systems, but at herd numbers greater than 10,000, anaerobic lagoons without covers tend to dominate. The liquid handling systems that predominate for swine manure make it a suitable candidate for complete-mix or covered-lagoon digester technology.
Poultry manure management systems, like those previously discussed for beef, are not suitable with current anaerobic digestion systems. For layers, an APHIS study of central U.S. layer operations, which included Iowa, was used (2000b). Most of the operations were either high-rise, manure belt, or scraper systems that, due to the low moisture content of the manure, are incompatible with current anaerobic digestion and methane recovery technology. Broiler and turkey operations, which are 100% raised on litter and handle manure as a solid, were also excluded from further analysis.
ECONOMICS
One economic benefit of anaerobic digestion and methane recovery that is not accounted for in these first six scenarios is the potential for excess electricity to be marketed off-farm through the utility grid. The current standard version of the AgSTAR Farmware model does not include electricity sales price as an input variable, although this can be added to the analysis through use of RateVision or other financial analysis software. Currently, Iowa utilities are paying $0.015 to $0.02 per kWh to independent electricity generators, with the generator often required to pay the considerable costs of interfacing with the utility grid. The ratio of on-farm electricity demand to potential off-farm sales of excess electricity production varied among the different livestock systems analyzed, but for a 1:1 ratio with 50% of the electricity marketed off-farm, this benefit could be estimated by increasing the price by between $0.01 and $0.02 per kWh. In some regions of the U.S., a greater off-farm electricity sales benefit is possible, particularly where utilities are marketing "green power" to their consumers and having trouble satisfying the demand. These favorable conditions could shift the effective break-even projection from scenario 1 ($0.06/kWh) to scenario 2 ($0.08 per kWh) or even scenario 3 ($0.12 per kWh). Alternatively, in situations where off-farm sales are not cost effective, savings over the model results could be realized instead by downsizing the engine-generator to just satisfy on-farm demand and flare off the excess biogas.
For livestock systems with a liquid handling system, the capital costs of building digesters with adequate capacity for added wash and flush water is a major economic constraint. Livestock producers interested in installing anaerobic digesters thus have a strong incentive to reduce excessive dilution of the manure. Scenarios 13 to 18 include a 30% reduction in process water production relative to the AgSTAR Farmware default values, simulating systems that minimize water use and thus have a more concentrated manure output. Scenarios 19 to 24 include a combination of both off-farm energy sales at $0.025 per kWh and this 30% process water reduction. Figures 1 and 2 show the net present value (NPV) trends for various sizes of a dairy tie-stall operation with plug-flow digester and a swine finishing facility with a complete-mix digester for each of the economic scenarios described in table 2. The figures display the facility size and scenario combinations that show the potential to be profitable. Scenarios 3 and 6 were the only ones that offered profitability over a wide range of herd counts for either dairy or swine operations.
The minimum system herd counts with favorable economic outcomes are listed in table 8. For the farrow-to-finish operations, under all scenarios, the herd size had to be greater than 20,000 head for a methane project to be feasible. This is largely a function of the diluted manure inputs from the nursery and gestation facilities, which lowers the overall gas production of the system relative to the volume required for the digester. With an average animal mass of 80 kg, these 20,000-head operations would have live weights greater than 1,600,000 kg. From the information provided in the Iowa Department of Natural Resources (IDNR) permit files, there were currently no farrow-to-finish operations of this magnitude in Iowa.
In the case of swine finishing options, no off-farm sales of electricity were possible, rendering scenarios 7 to 12 moot. The minimum economically feasible size for swine finishing operations was approximately 1,800 head, as observed for scenarios 6 and 18. These scenarios require both heat recovery and a subsidized financial package of zero-interest loans and low down payments. Scenario 18 also includes the 30% reduction in process water, which reduces the minimum feasible size from 1,856 (scenario 6) to 1,754 head. Facilities of this size are below the 2,500-head swine finishing herd size that requires IDNR construction permits, of which an estimated 680 total permits exist. Scenarios 3 ($0.12 per kWh) and 15 ($0.12 per kWh and reduced process water) had a break-even point at about 4,800 and 4,300 head, respectively. Data from IDNR indicate that approximately 230 to 250 With the plug-flow/complete-mix scenarios, it was not feasible to add or reduce 17 >20,000 17,185 it was not feasible to add or reduce process water in the system. 18 >20,000 1,754 process water in the system.
19 to 24 >20,000 N/A [a] Animal number represents number of sows on site and does not include nursery, grower, finisher, or boars. [b] Number of finishing pigs only. [c] Number represents lactating cows on-site. of the permitted swine operations are this size or larger. The farm electricity cost of $0.12 per kWh assumed in this scenario is considerably higher than the $0.06 to $0.08 per kWh typically paid by Iowa farms today. Scenario 4, by recovering engine-generator heat to reduce farm propane purchases, would break even at about 14,000 head, and this herd size could be reduced to about 11,600 head by adding the process water reduction (scenario 16). Scenarios 1 and 2, without financial incentives, required over 20,000 head to break even, as did scenario 5 with subsidized financing but without heat recovery. These results indicate that a combination of efficient design (heat recovery and reduced process water) as well as financial incentives (subsidized financing and/or significant green power premiums) is necessary for anaerobic digestion to achieve widespread feasibility in swine finishing operations.
The situation is somewhat more promising for the dairy industry, but even here the analysis indicates very large break-even herd sizes (over 5,000 cows) under current market prices, even with heat recovery. Process water reductions were not applicable in the dairy systems since process water was not used in baseline scenarios 1 through 6, so scenarios 13 to 24 were moot. The dairy scenarios did produce enough electricity for off-farm sales, with a corresponding reduction in break-even herd sizes, for scenarios 7 to 12. With electricity at $0.12 per kWh, the minimum economically feasible size for dairy operations was small enough to accommodate almost all of the permitted sites listed (scenario 3). The minimum-sized dairy ranged from 150 to 230 lactating cows, depending on the manure management and digester combination. Even at the most conservative electricity price of $0.06 per kWh, the use of no-interest loans and reduced down payments (scenario 6) would encourage the installation of methane recovery facilities at dairies larger than about 330 head (complete-mix digester technology) or 1,200 head (plug-flow digester technology). Taking into account off-farm sales of electricity at $0.025 per kWh further reduced the required herd numbers to 154 and 205 head, respectively. Table 9 notes some of the important issues, barriers, and opportunities that were identified by the stakeholder meeting participants. Participants noted economic return as the greatest barrier, followed by interconnection difficulties for hooking anaerobic digestion facilities up to the electricity grid. A survey was also sent to swine and dairy producers, randomly selected from the IDNR permit database, asking them to rank these same issues dealing with methane recovery. The response was extremely poor from the swine producers, so only dairy survey respondent information is included in this report. Only 2 of 27 randomly selected swine operators responded (7% response) versus 8 of 18 dairy operators (44% response).
STAKEHOLDER INTEREST
Even though the survey answers were not always complete, the central theme that the producers noted about anaerobic digestion was the cost of the facilities. Although the survey response was not large enough to generate strong statistical results, it does indicate that dairy producers have some interest in anaerobic digestion and methane recovery, but are very aware of the economic barriers. Addressing those economic barriers will be critical for widespread adoption of anaerobic digestion and methane recovery.
CONCLUSIONS
The State of Iowa has a widely available manure resource distributed among a range of livestock types and manure management systems. The analyses, using the AgSTAR model with its ancillary assumptions, show that anaerobic digestion with methane recovery is currently feasible in only limited circumstances for Iowa livestock operations. It is important to note that policy greatly affects economic performance and thus determines the herd size needed to reach the break-even point. At the present time, dairy and swine operations with scraped or liquid/slurry systems offer the most potential for methane capture. However, present economic conditions are not conducive to the installation of methane recovery facilities at swine or dairy operations. Economic incentives, such as doubling the electricity rate or providing no-interest loans, greatly lower the herd numbers needed to make methane recovery feasible. Other benefits, such as odor control or bedding recovery, could make anaerobic digestion more attractive to livestock producers, but are difficult to quantify.
Economics also proved to be a central theme for various stakeholders interested in methane recovery. Key issues included the low economic return on systems, the difficulties in obtaining financing for building systems, and the low rate paid for sale of excess electricity. Other important concerns were a lack of technical knowledge or assistance and the complications of interconnecting with utilities.
In light of the issues raised with this study, several conditions must be addressed if Iowa is to realize the potential for energy recovery from methane generated at livestock facilities. First, livestock producers and other stakeholders must be educated about the process of anaerobic Table 9 . Importance rankings of methane meeting participant and producer opinions of the livestock methane recovery.
Barrier, Issue, or Opportunity
Meeting Participant Average Rank [a] Low rate of economic return on methane recovery facilities. 2.6 Interconnection difficulties with utilities/low rate for sale of excess electricity.
3.5 Few turnkey systems developed/lack of contractor knowledge in construction of methane recovery facilities.
3.6 Further development of technology for on-farm methane recovery.
4.6 Lack of technical information and assistance.
4.7 Difficulties obtaining financing for a methane recovery system. 4.9 Public awareness of the generation/utilization of methane from livestock facilities.
5.9 Lack of cooperation between various organizations (government, nonprofit, etc.) to promote and educate on the use of on-farm methane recovery. 6.2 [a] The average of all of the responses in the category between 1 (greatest barrier) to 8 (least important barrier). digestion and methane recovery on livestock farms and its possible benefits and pitfalls. Dairy producers would be a logical initial focus of these educational efforts due to their response and comments on the survey. Second, the fundamental economics of anaerobic digestion need to improve, as the current energy price and policy structure is not at all encouraging for anaerobic digestion in the absence of significant subsidies. Since some of the possible benefits, such as odor control, are difficult to assign an economic value, other incentives such as low-or no-interest loans, tax incentives, or grants may be necessary to encourage installation of systems. Third, utility companies need to be involved in any methane recovery program so utility interconnection and other issues can be streamlined for both the livestock producer and the utility company. Fourth, continued research and technology transfer efforts are needed to make anaerobic digestion and methane recovery a simpler, less management intensive, and more efficient process for the livestock producer or turnkey operator. Finally, centralized digestion with expert management should be explored as an option in areas with concentrated manure resources. A centralized system serving a number of satellite farms could encourage and demonstrate anaerobic digestion and methane recovery benefits, capturing the economies of scale of this technology for smaller and mid-sized livestock producers. While there is no single solution to the challenge of increasing methane recovery from livestock manure, a coordinated effort to implement these strategies would help Iowa realize the energy potential from this biorenewable resource.
